We have isolated from human liver libraries two cytochrome P450 cDNA clones (XMP14 and X.MP3) which are highly similar (83% over the coding region) to mouse testosterone 15a hydroxylase and are therefore part of the cytochrome P450IIA gene subfamily. The P450HA (CYP2A) gene subfamily was found to be closely linked to the P450IIB (CYP2B) subfamily and their chromosomal location could not be distinguished using somatic cell hybrids containing fragments of chromosome 19 between 19ql2 and 19ql3.2. Pulsed field gel electrophoresis indicates that both gene subfamilies are contained within 350-kb genomic DNA fragments, but were separated using various restriction enzymes. Northern blot analysis identified three P450DA mRNAs each showing a wide inter-individual variation in their levels in the liver. High levels of P450DA transcript were associated with high levels of P450IIB transcript suggesting that common factors may influence the expression of genes within these subfamilies. Genetic analysis has suggested previously that a member of the P450IEB subfamily is responsible for coumarin hydroxylase activity in the mouse. We discuss the possibility, based on our findings of tight linkage of the human P450HA and IIB subfamilies, that a member of the IIA subfamily is a better candidate for this enzyme activity.
INTRODUCTION
Cytochrome P450-dependent monooxygenases (P450s) are a supergene family of enzymes that catalyze the oxidation of lipophilic chemicals through the insertion of one atom of molecular oxygen into the substrate. As a consequence they play a central role in the metabolism of a wide variety of endogenous molecules as well as foreign compounds (1, 2) . Mammalian P450s are encoded by several multigene families which have been classified on the basis of their sequence homology, gene organization and chromosomal localization (3, 4, 5) . In general, genes within the same family exhibit at least 40% sequence identity, but less than 40% with members from other families, and in those cases where it has been determined, they have the same intron-exon organization (5) . Members of the same gene subfamily share greater than 59% identity and are clustered in the genome, but different subfamilies may have different chromosomal locations. For example, members of the P450IIC subfamily are located on chromosome 10 in humans and chromosome 19 in mouse; the P450IID subfamily is on chromosome 22 in humans and chromosome 15 in mouse; and the human P450JJE subfamily is on chromosome 10 and the mouse P450IIE subfamily on chromosome 7 (4) .
In contrast the human P450HB gene subfamily (CYP2B locus) has been located close to the P450IIA (CYP2A) subfamily at 19ql2 -13.2 (6, 7, 8, 9) . The mouse P4501IB gene subfamily has been located on chromosome 7 and is associated with the Coh locus encoding a cytochrome P450 with coumarin hydroxylase activity (10) . A preliminary report suggests that the P450IIA gene subfamily is also on chromosome 7 in mouse (11), and this would be consistent with the finding that many genes on mouse chromosome 7 have homologues on chromosome 19 in man. In the mouse some of the genes within the P450IIA subfamily encode enzymes involved in testosterone 15a hydroxylase activity (12) .
In this paper we report the sequence of a human P450IIA cDNA which is highly homologous to mouse testosterone 15a hydroxylase but distinct from that reported by Phillips et al. (13) and show that in man the P450IIA and P450IIB gene subfamilies are very tightly linked. We also show that there is considerable inter-individual variation in the expression of P450IIA genes, and that the expression of genes from both IIA and IIB subfamilies may be influenced by common factors.
MATERIALS AND METHODS

Preparation of radioactive probes
Restriction fragments for use as probes were radioactively-labelled with [a-32 P]dCTP (3000 Ci mmol~') by either nick-translation (14) or by random primer extension (15) .
Isolation of human cytochrome P450IIA cDNA clones.
A cDNA clone (R17) encoding the C-terminal 211 amino acid residues of the rat P450HB1 gene (16) was used to screen a human liver cDNA library cloned in Xgtl 1 (Clontech, CA) by the method of Benton and Davis (17) . Hybridization was in 6XSSC, 5xDenhardt's solution and 0.1% SDS. Filters were washed in 2xSSC (1 xSSC=0.15M NaCl, 0.015M Na 3 citrate; lxDenhardt's solution is 0.2% (w/v) each of Ficoll, polyvinylpyrrolidone, bovine serum albumin). Two strongly positive clones, XMP1 and XMP2, were isolated and subsequently shown to be from the human P450IIB subfamily (6) . A third weakly positive clone, XMP3, was also identified. The 990-bp EcoRI fragment from XMP3 was subcloned into pUC19 to give pMP12. As the XMP3 insert did not encode a full length P450, a second human liver cDNA library (18) was screened with the 990-bp EcoKL fragment. 50000 plaques were screened and eighteen positive clones identified. The largest cDNA insert (XMP14; 1.76kb) was subcloned into pUC19 giving pMP81 for further analysis.
Nucleotide sequence analysis
The 0.99-kb £coRI fragment of pMP12, and the 1.76-kb Eco91 fragment of pMP81 were subcloned into M13mpl8 and template DNA prepared (19) . The nucleotide sequence of each clone was determined using the dideoxy chain-termination method with [a- 35 S]thiodATP and a series of synthetic oligonucleotides (20, 21) . Sequences were compiled and analysed using Staden Plus software implemented on a DCS286 computer (22) . The nucleotide sequences pMP12 and pMP81 have been deposited in the EMBL Data Library with accession numbers X06401 and X13897, respectively.
Cell lines
The somatic cell hybrids containing fragments of chromosome 19 used in this study have been documented elsewhere (9) except J640 (Brook et al., in preparation) . Isolation of DNA and restriction endonuclease analysis DNAs from somatic cell hybrids containing fragments of human chromosome 19 were isolated by standard methods (23) . A/mdIII-digested DNA was fractionated electrophoretically on agarose gels, and was transferred to Hybond-N (Amersham) filters as described by Southern (24) . Pulsed-field gel electrophoresis (PFGE) DNA was prepared for PFGE in agarose blocks. Cells, resuspended in PBS at 2.0x 10 cells/ml, were mixed with an equal volume of 1% molten agarose (BRL Ultrapure), aliquoted into moulds and allowed to set. The resulting blocks were then incubated at 50°C in NDS (0.5M EDTA, lOmM Tris, 1 % lauryl sarcosine, pH 9.5) and 0.5mg/ml proteinase K for 3 days with one change of NDS and proteinase K after 24h. Blocks were stored in NDS at 4°C. The PFGE apparatus of Southern et al. (25) was used. 1 % agarose gels were made and run in 0.5 xTBE at 10°C and 5V/cm for 48h with a pulse time of 90s. Blocks were soaked in 5ml TE (lOmM TrisHCl pH7.5, lmM EDTA) plus 5/*l (20mg/ml) PMSF at 50°C for 30min, washed twice in TE at 4°C and then equilibrated in restriction enzyme buffer for lh before digestion with 20U of enzyme overnight. Size markers were chromosomes of Saccharomyces cerevisiae strain YPH148 (26) .
Northern blot analysis
Total RNA was isolated from human liver samples obtained from kidney transplant donors by the guanidine HC1 method (27) . 15/ig samples were run on denaturing agarose. gels and then transferred to Hybond-N (Amersham International; 28).
Hybridization analysis
The human intron 5-containing P450IIB6 probe, pMPIO has been described previously (6, 29) . The rat P450IIB1 cDNA probe (R17; 15) was a kind gift of Dr. M. Adesnik; pMP17 is a cDNA clone containing exons 6,7 and 8 of a human P450 gene sharing approximately 96% identity with P450IIB6, but containing no Alu repeat sequences (unpublished observation), and the human P450IIA probe pMP12 is described in this paper. A mouse 7-actin processed pseudogene (30); a human P450IIE cDNA (phP450j; 31), a gift of Dr F.J. Gonzalez; and a human P450III (nifedipine oxidase) cDNA (32) were also used as probes.
DNA was labelled with 32 P and hybridized to Southern blots as described by Hill et al. (33) . Filters were washed for 30min at 65° in 1 xSSC in the case of the somatic cell hybrids, in 0.1 X SSC in the case of the pulsed-field blots and in 2 x SSC for the Northern blots. Bands were visualized by exposure to X-ray film for 2 -14 days. Radioactive DNA was removed from the Southern filters by boiling in 0.1 % NaPP,, 0.2% SDS for 10 min and from Northern filters by washing in 5mM TrisHCl, pH8; 2mM NajEDTA; 0.1 x Denhardt's for lh at 65°. The filters were then exposed to X-ray film to confirm that the probe had been removed.
Reagents
Restriction enzymes, T4 DNA ligase and DNA polymerase I (Klenow fragment) were from Boehringer Ltd, Bethesda Research Laboratories and New England Biolabs.
[a-
32 P]dCTP and [a- 35 S]thio-dATP were from Amersham International. Other reagents were from the usual suppliers. Oligonucleotides were made on an Applied Biosystems 380A DNA synthesizer.
RESULTS
Nucleotide sequence analysis
The nucleotide sequences of pMP12 and pMP81 are shown in Fig. 1 . The two sequences were identical except for two nucleotide substitutions in the coding region, a 3-nucleotide insertion immediately preceding the poly(A) sequence, and that pMP81 extended a further 770-bp in the 5' direction. An open reading frame of 1467bp was detected in the pMP81 sequence extending from a Met codon at position 11 to a stop codon at position 1477. Comparison of the pMP81 sequence to that of pHP450(l), the sequence of a partial human P450HA3 cDNA ( Fig.  1; 13,4), shows that they are 91 % identical over the comparable coding region (position 482-1660; Fig. 2 ) when a 3-nucleotide gap at position 767 is made but only 45% identical in the 3' non-coding region. However, a greater degree of sequence alignment was possible if various insertions/deletions (Fig. 1) . These data suggest that pMP81 and pHP450(l) are derived from distinct human P450IIA genes. Figure 2 shows the alignment of the deduced amino acid sequence from pMP81 with other P450 sequences. The greatest similarity is seen with mouse male-specific testosterone 15a hydroxylase (P450HA3; 12) which shares 83% identity at both the amino acid and nucleotide sequence levels. Rat testosterone 7a hydroxylase (P450IIA1; 34) and rat testosterone 15a hydroxylase (P450IIA2; 35) share 67% and 65% amino acid sequence identity, respectively, with the pMP81 sequence, but only after the insertion of single gaps at positions 27 and 287 in the rat sequences (Fig. 2) . Human P450HB6 (6,29) exhibits 52% amino acid sequence identity and 62% nucleotide sequence identity with the pMP81 sequence.
Although the pMP81 sequence has a potential ATG initiation codon (Fig. 2) , comparison with mouse testosterone 15a hydroxylase (Fig. 2) suggests that there may be an additional fifteen 5' coding nucleotides (i.e. 5 amino acids). This possibility will only be clarified by amino-terminal sequence analysis of the corresponding protein.
Linkage between the human CYP2A and CYP2B loci (a)Somatic cell hybrid analysis. The CYP2A and CYP2B loci map to the same region of chromosome 19, namely 19ql2 -13.2 (8,9,6,7). A series of somatic cell hybrids containing fragments of chromosome 19 between ql2 and ql3.2 were used to establish how tightly linked these loci are. Table I shows the segregation of CYP2B compared with other loci which map to 19ql2-19ql3.2. It can be seen that CYP2B has the same segregation pattern as CYP2A and MSK37 (9) . (b)Pulsed-field gel analysis. The close linkage of CYP2A and CYP2B suggested by the somatic cell hybrid analysis was confirmed and further defined by pulsed-field gel electrophoresis followed by Southern blot analysis (Fig. 3 ). Fig. 3a shows an autoradiograph of the filter probed with pMP12 (CYP2A) and washed in 0.1 xSSC at 65°C. Fig. 3b shows the same filter stripped of radioactivity, probed with pMP17 (CYP2B; a cDNA clone containing exons 6,7 and 8 of a human P450 gene sharing approximately 96% identity with P450IIB6, but containing no Alu repeat sequences, unpublished observations), and washed in 0.1 xSSC at 65°C. Under these conditions we have shown previously that the P450IIA and P450IIB genes do not cross-hybridize (6) . It can be seen that both the P450IIA and P450IIB probes hybridize to single fragments generated by MM, Notl and SstU (350kb, 520kb and 350kb respectively), indicating that the human P450IIA and P450IIB gene subfamilies are very closely linked and present within a maximum of 350kb of DNA. However, the two gene subfamilies can be distinguished from each other with the enzymes BssHR, Nael, Narl, Sfil and Smal, where differently-sized fragments hybridize to P450I1A compared to P450IIB (Fig. 3) .
Northern blot analysis
Three sizes of transcript (1.9kb, 2.7kb and 3.8kb) are identified when Northern blots of RNA from six individual human livers are probed with pMP12 (P450IIA; Fig. 4a ). The major transcript (1.9-kb) is present in all individuals and corresponded well with the size expected from the cDNA clone pMP81 (1.76kb plus poly[A]). A marked variation (up to 10-fold) in the levels of this transcript between different individuals was observed. However, even more striking was the inter-individual variation (> > 100-fold) in the amounts of the two larger transcripts. Whether these represent the products of different P45OEA genes, or arise from the use of alternative polyadenylation sites remains to be established.
The inter-individual variability in the levels of transcripts detected by three other human cytochrome P450 cDNAs, P450HB, P450IIE, and P450III is also shown (Fig. 4) . Livers 1 and 4 which had the highest levels of the 1.9-kb P450IIA mRNA also had the highest Table I   Chromosome 19  Cell lines  Locus  TVBID  J640  WILFM2  W1LFM6  G175C5  G175C4l2   D19S7  +  +  -+  +  +  GPI  +  +  -+  +  N/T  D19S9  +  +  -+  +  -TGFB  +:  +  +  ---MSK37  +•  +  +  *-+  -CYP2A  +  +  +  -+  -ATPA2  +  -+  -+  +-D19S8 4--
Segregation of CYP2B and other loci which map to 19ql2-19ql3.2, in hybrids containing fragments of chromosome 19 A + represents presence of marker; -represents absence of marker; and N/T is not tested. The CYP2B probe, pMPIO, has been described previously (6) , as have the somatic cell hybrids (9) except J640 (Brook el al., in preparation). levels of the 3.0-kb P450IIB mRNA suggesting that there may be common factors which cause an increase in the levels of these transcripts. This relationship is not seen with either the P450IIE or P450III transcripts, although liver 1 which contained a very high level of P450HI mRNA also had the highest level of P450IIA-related message. 
DISCUSSION
On the basis of sequence similarity the cDNA clones described here appear to be members of the P450IIA gene subfamily. The nucleotide substitutions found between pMP81 and pMP12 (i.e. two nucleotide substitutions in the coding region and a 3-nucleotide insertion immediately preceding the poly[A] sequence) are consistent with the clones being derived from allelic variants. This gene is different from that giving rise to the cDNA, pHP450(l) reported by Phillips et al. (13) , however both pHP450(l) and pMP12 can detect the same Sstl (SacT) restriction fragment length polymorphism (36; J.S.M., unpublished observations).
The protein encoded by pMP81 is more similar to the mouse male-specific testosterone 15a-hydroxylase (P450IIA3; 12) than to the rat testosterone 7a-and 15a-hydroxylases (P450EA1 and 2; 34, 35) . No gap insertions are required for optimal alignment of the human and mouse sequences whereas two single amino acid gaps are required for alignment of the human sequence with the rat sequences, demonstrating that the mouse and human proteins have not diverged to the same degree. Indeed the similarity between the mouse and human sequences is one of the highest reported for human versus rodent P450s and so it would be interesting to determine whether the human protein has testosterone 15a hydroxylase activity. The pulsed-field gel analysis of the human P450HA and P450DB gene subfamilies indicates that they are localized in close proximity of each other and are within a maximum of 350kb. The smallest single DNA fragment containing what appears to be the entire P450HA or P450IIB gene subfamilies are the Narl fragments of 50kb and 90kb, respectively. Estimates based on normal gel electrophoresis and Southern blot analysis suggest that there are two or three genes in the P450IIB subfamily and a similar number in the P450IIA subfamily (6, 13) . The isolation and analysis of a human P450DB6 gene indicates that it is > 14.5kb in length (29) , but there is no information available on the size of the P450HA genes. Assuming that the P450ELA and P450HB genes are similar in size to other P450II genes (ca. 10-20kb) then the Narl fragments are of sufficient size to contain all of the genes within each of the subfamilies, implying that they are clustered together rather than interspersed with each other.
The enzymes MM (ACGCGT), Not\ (GCGGCCGC) and SstU (CCGCGG) each contain two CpGs in their recognition sequences and Notl and SstR are known to be associated strongly with CpG islands, which in turn are associated with the starts of genes (37) . These enzymes generate single fragments of 350kb, 520kb and 350kb, respectively, which contain both subfamilies. In the case of MM and SstU it is likely that they are cutting within the same CpG islands to generate the same-sized fragments.
It has been established that a group of linkage markers on human chromosome 19 including GPI and PEPD (38, 9) have homologues on chromosome 7 in mouse (Gpi-1, 39, 40) . A locus encoding a cytochrome P450 with coumarin hydroxylase activity (Coh) has been mapped to this region of mouse chromosome 7 (39) , and the P450HB gene subfamily was localized within 4.4 centimorgans of Coh, using recombinant inbred lines (10) . The close linkage homology between the corresponding regions of human chromosome 19 and mouse chromosome 7 suggests that the mouse P450IIA and P450HB gene subfamilies are also very closely linked. A report has indicated that two mouse P450HA genes (testosterone 15a hydroxylases) are present on chromosome 7(11). We have preliminary data showing that the P450HA and P450ITB gene subfamilies are indeed very closely linked in mouse (unpublished).
In rat the P450HB genes (P450b,e locus) are located on chromosome 1 along with pinkeyed dilution, albino and haemoglobin /3 chain genes. Linkage homology between these genes and homologous genes on mouse chromosome 7 has been described previously (41) ; however the rat homologues of Gpi-1 and Pep-4 are found on rat chromosome 7. It will be interesting to know whether the rat P450IIA gene subfamily is linked to the P450HB gene cluster on rat chromosome 1.
Analysis of recombinant inbred (RI) mouse lines has led to the suggestion that a P450 from the IIB subfamily is responsible for coumarin hydroxylase activity in mouse despite there being a discordant genotype between the DNA polymorphism detected by the rat P450IIB1 probe and coumarin hydroxylase activity in the CBA/CaJ mouse strain (10, 3) . If the P450IIA and P450IIB gene subfamilies are as tightly linked in mouse as they are in man then the P450IIA gene subfamily could be an equally good candidate for the Coh locus (encoding coumarin hydroxylase) in mouse (and in man). A P450 (M r =50000) with coumarin hydroxylase activity has been purified from mouse (42) . Polyclonal antiserum raised against this enzyme cross-reacts strongly with a protein (M r =48000), and is capable of effectively inhibiting coumarin hydroxylase activity in human liver microsomes (43) . It seems unlikely that the mouse protein is a member of the P450IIB subfamily as antibodies raised to the rat P450HB1 protein (PB 3a ; 44) recognise protein(s) in mouse liver microsomes with a Mr > 54700 (45, 44) , quite distinct from the apparent Mr of 50000 for coumarin hydroxylase. Indeed, Raunio et al. (46) have recently shown that a monoclonal antibody directed against the rat P450IIB1 protein cross-reacts strongly to a mouse protein which is distinct from coumarin hydroxylase and fails to inhibit this activity. Similarly they show that antiserum against coumarin hydroxylase is not capable of detecting the mouse P450IIB-like protein nor inhibiting its associated activity (pentoxyresorufin Odealkylase).
Based on this genetic and biochemical evidence, we propose that coumarin hydroxylase in both human and mouse is encoded by a member of the P450HA gene subfamily. We are currently hoping to confirm this hypothesis by expressing our P450IIA cDNA in a suitable cell system and testing whether it generates coumarin (and/or testosterone 15a-) hydroxylase activity.
